Spina bifida is a congenital neurological condition with lifelong physical and mental effects. Open fetal repair of the spinal lesion has been shown to improve hindbrain herniation, ventriculoperitoneal shunting, independent mobility and bladder outcomes for the child and, despite an increased risk of prematurity, does not seem to increase the risk of neurodevelopmental impairment. Open fetal surgery is associated with maternal morbidity. Surgery at our institution is offered and performed according to internationally agreed criteria and protocols. Further evidence regarding long-term outcomes, fetoscopic repair and alternative techniques is awaited.
Learning objectives
To understand the clinical effects, potential prevention and prenatal diagnosis of spina bifida. To understand the rationale and evidence supporting the benefits and risks of fetal repair of open spina bifida. To understand the criteria defining those who are likely to benefit from fetal surgery.
Introduction

Spina bifida
Spina bifida is a congenital central nervous system malformation caused by incomplete closure of the neural tube by 28 days of gestation, leading to a defect in the bony spine. The worldwide incidence of spina bifida is approximately 4.63 per 10 000 births. In the UK, 700-900 pregnancies per year are estimated to be affected. 1 Spina bifida occulta (closed spina bifida) comprises a group of locoregional spinal malformations with intact overlying skin that are not associated with hydrocephalus or hindbrain herniation; the neurological implications are generally milder, and these conditions will not be considered further in this article. Spina bifida aperta (open spina bifida; Figure 1 ) involves exposure of the spinal cord and meninges through a defect in the overlying skin and bone. Two variations are recognised: myeloschisis, in which the neural tissue is 'flush' with the surrounding skin; and myelomeningocele (MMC), in which the spinal cord and meninges protrude beyond the plane of the skin as a cerebrospinal fluid (CSF)-filled sac. These two variations will be collectively referred to as 'spina bifida' throughout.
Clinically, spina bifida leads to difficulties with mobility and ambulation, which is largely dependent on lesion level; by adulthood, independent ambulation is seen in 93% of patients with a sacral lesion, 91% with an L5 lesion, 57% with an L4 lesion and no patients with an L1-3 or thoracic lesion. 2 Sensory deficits and orthopaedic abnormalities, such as talipes (clubfoot), kyphosis and scoliosis can also occur. Most patients with spina bifida experience neurogenic sphincter dysfunction resulting in impaired bladder and bowel control, which is commonly managed with a combination of toileting regimens, clean intermittent self-catheterisation and medications such as laxatives, enemas and anticholinergics. 3, 4 Sexual dysfunction may occur for several reasons, including erectile dysfunction for men, reduced genital sensation and psychological issues, 5 although parenthood is possible. Brain changes are believed to develop in spina bifida as a result of leakage of CSF through the spinal lesion, causing hindbrain herniation (the Arnold-Chiari, or Chiari II, malformation). Impaired maturation of the CSF pathways is common and results in progressive cerebral ventricular dilation (hydrocephalus) in up to 80% of cases. Hydrocephalus is typically managed with a ventriculoperitoneal shunt or, in selected older children, endoscopic third ventriculostomy. 6 Shunt complications, including failure and infection, may occur. Intelligence quotient (IQ) falls into the normal range for many adults with MMC, although the need for shunts and shunt complications are associated with a reduced IQ. 7 Although not a lethal condition, spina bifida is associated with a reduced life expectancy and early mortality, particularly in those with higher lesions. 8 Having a child with spina bifida is associated with higher levels of parental 9 and sibling 10 stress. When questioned, children and adolescents with spina bifida have lower self-worth scores than their peers, 11 but express positivity about their condition and hopefulness for their futures. 12 
Prevention
Spina bifida is a multifactorial disease for which multiple underlying environmental, metabolic and genetic aetiologies have been proposed. An increased rate of spina bifida has been observed in women taking anticonvulsants 13 and in women who have diabetes 14 and/or are obese. 15 The role of folic acid has been the most widely investigated. In 1991, the Medical Research Council (MRC) Vitamin Study 16 demonstrated that pre-and post-conception folic acid supplementation reduced the rate of open neural tube defects, including spina bifida, by approximately 70% in high-risk women. The World Health Organization recommends supplementation with 400 lg folic acid daily from 2 months prior to conception. However, in the UK, only 31% of women take preconceptual folic acid, and this figure is even lower among younger and non-Caucasian women. 17 A 2017 study 18 reported that mandatory folic acid fortification of wheat and/or maize flour had been implemented in 59 countries, preventing approximately 50 270 cases of spina bifida and anencephaly. Currently, the UK does not mandatorily fortify any food sources with folic acid, despite the suggestion that doing so in the 10 years following publication of the MRC evidence would have prevented over 2000 cases of neural tube defects. 19 The UK Department of Health and Social Care launched a public consultation to consider the evidence, practicality and safety of mandatory folic acid food supplementation in early 2019.
Diagnosis
Spina bifida aperta is usually detected in pregnancy during the second trimester (anomaly) ultrasound scan at 18 +0 to 20 +6 weeks of gestation ( Figure 2 ). The typical intracranial characteristics include hindbrain herniation, a 'lemon'-shaped skull and a 'banana'-shaped cerebellum. The spinal lesion is commonly most easily visualised in the sagittal plane. The detection rate for spina bifida in populations that routinely offer second trimester ultrasound scans has been estimated at 68-100%. 20, 21 In the UK, the Fetal Anomaly Screening Programme advises a minimum standard of 90% for detection of spina bifida. 22 Given the high detection rate and widespread availability of second trimester ultrasound, screening for spina bifida by maternal serum alpha fetoprotein 23 and confirmation of the diagnosis by amniocentesis 21 are no longer routinely performed in many countries, including the UK. Detection of spina bifida at an earlier gestation is beneficial for patient information and choice. It is also the case that termination of pregnancy, if ultimately chosen by the parents, is safer and more easily performed at earlier gestations. Several sonographic signs have been described to aid first trimester detection of spina bifida. 24 The most extensively researched of these are the intracranial translucency, brainstem diameter, brainstem-occipital bone distance, aqueduct of Sylvius to occiput distance and frontomaxillary facial angle. Our own group recently described the use of a new sonographic marker, the 'crash sign', 25 for diagnosing spina bifida in the first trimester. This, unlike other signs discussed, relies on pattern recognition without measurements. None of these signs have yet become well established in clinical practice. 
Management following antenatal diagnosis
Termination of pregnancy following an antenatal diagnosis of spina bifida is legal in many countries, including England, Wales and Scotland, without gestational age limit. A study in Belgium and Holland showed that 76% of patients chose this option, 26 while in the UK, between 1991 and 2012, this figure was 81%. 19 For continuing pregnancies, the standard treatment option is postnatal surgery to close the defect, protect the spinal cord and prevent ascending infection. This surgery is ideally performed within the first 48 hours of the baby's life. The standard multilayer repair ( Figure 3 ) comprises untethering the spinal cord from the surrounding skin and meninges and resection of the myelomeningocele sac, followed by multilayer closure of the dural sac, lumbodorsal fascia and skin. Complex closures necessitating plastic surgery techniques are required in 20% of cases. Very often, women planning postnatal spina bifida repair give birth by caesarean section, although its benefit compared with vaginal delivery is not proven. 27 Open fetal repair of spina bifida Rationale Both clinically 28 and in animal models, 29 the neurological effects of spina bifida have been shown to worsen throughout gestation. These observations led to the development of a 'two-hit' hypothesis, in which the final neurological deficit results from a combination of the primary failure of neural tube formation and later injury from trauma and amniotic fluid toxicity. The corollary of this theory is, therefore, that earlier repair, while still in utero, should result in an improved outcome for the patient.
Evidence
Animal models of spina bifida have suggested that open fetal repair is safe and effective. 30 The first open fetal spina bifida repair in humans was performed in 1998 31 and, over the following 5 years, several observational studies were published with generally encouraging results. In 2003, the Management of Myelomeningocele Study (MOMS) 32 randomised clinical trial comparing outcomes after in utero and postnatal surgery was commenced. Three US centres already performing fetal spina bifida repair participated in the trial, while all other fetal medicine centres in the USA agreed not to perform the surgery while the trial was underway. Fetal surgery was offered in the trial between 19 +0 and 25 +6 weeks of gestation. A standardised method of repair was agreed across the three centres; this included a maternal laparotomy and stapled hysterotomy and layered neurosurgical repair as performed in postnatal surgery (Figure 3 ). Inclusion and exclusion criteria are shown in Table 1 .
The main outcomes from the MOMS trial (183 women) [33] [34] [35] are shown in Table 2 . Prenatal surgery significantly improved the rate of ventriculoperitoneal shunt placement (44% prenatal surgery versus 84% postnatal), hindbrain herniation at 12 months of age (64% prenatal versus 96% postnatal) and independent walking at 30 months of age (45% prenatal versus 24% postnatal). There was associated fetal morbidity, typically associated with prematurity and often with spontaneous membrane rupture (44%). Delivery occurred, on average, at 34 weeks of gestation in the prenatal surgery group and at 37 weeks of gestation in the postnatal group. Of note, 13% of the fetal surgery group delivered prior to 30 weeks of gestation. For the mother, risks included placental abruption (6%) and postoperative pulmonary oedema in 5%, which was at least partly attributed to the use of magnesium sulphate for tocolysis. Evaluation of the uterine scar at delivery showed an area of dehiscence in 9% of cases and full dehiscence in 2%; an increased rate of blood transfusion at delivery (9%) was also reported.
In patients with a ventricle size <10 mm at assessment, 20% required ventriculoperitoneal shunt placement after prenatal surgery (versus 79% undergoing postnatal surgery). When the ventricle size was >15 mm at assessment, 79% of patients required shunt placement after prenatal surgery (versus 87% after postnatal surgery).
Following publication of this trial, further nonrandomised studies have reported similar short-term outcomes. A review of cases from the Children's Hospital of Philadelphia in 2016 36 showed that the risk of chorioamniotic membrane separation, preterm premature rupture of membranes (PPROM) and preterm birth were all increased when surgery was performed at the earlier gestational age range. Therefore, although the MOMS trial allowed entry from 19 weeks of gestation, it was recommended that fetal surgery should not be performed before 23 weeks of gestation.
Long-term outcomes
The long-term outcomes of the MOMS trial have not yet been reported; therefore, cohorts operated prior to the MOMS trial are, at present, the only source of these data. Five-year followup studies of 30 fetal surgery cases performed prior to the MOMS trial have reported a shunt rate of 47-55%. Average or high-average IQ scores were found in 90% of patients; this was significantly lower in those who had required a ventriculoperitoneal shunt compared with those who had not. 37 Functional and self-care scores were lower than for agematched population norms, 38 but behavioural problems were no higher in fetal surgery patients than healthy controls. 39 A 10-year follow-up of 42 fetal surgery cases 40 reported that 79% of patients were 'community ambulators', 9% were 'household ambulators' and 14% were wheelchair-dependent. Preschool ambulation was predictive of long-term ambulation. 'Normal bladder function' (continence at all times) was reported in 26% of patients and normal bowel function in 31%; 74% of patients performed clean intermittent catheterisation. The overall rate of ventriculoperitoneal shunt placement was 43%, of which 61% had required at least one revision. No shunts had been inserted after 12 months of age. Most children could successfully complete everyday tasks at home and at school. When compared with population norms, abnormalities of these behavioural adaptive skills appeared to be more common than impairments in executive function. Non-shunted children with normal early neurodevelopmental outcome were less likely to experience problems with executive function and behavioural adaptive skills.
A systematic review from our institution 41 showed that, following open fetal surgery for spina bifida and other conditions, 48% of women had a subsequent pregnancy, with a preterm delivery rate of 20% and a uterine dehiscence/ rupture rate of 7% and 11%, respectively.
Ethical issues
The fetal patient
The concept of the fetus as a patient and a potential person independent of the mother is a source of ongoing scientific, societal, legal and philosophical debate. It is logical to infer that, when the pregnant woman decides to continue her pregnancy and asks for prenatal treatment, the fetus should be considered a patient, but that the pregnant woman should not be forced to undergo fetal treatment against her will. 42 Fetal surgery for spina bifida has an associated risk of fetal death (3% in the MOMS trial), which is not statistically greater than the risk of neonatal death seen in those undergoing postnatal treatment (2%), but which is the direct result of an active choice by the parents rather than a natural consequence of disease progression. As fetal surgery is performed around the limits of fetal viability (23-26 weeks of gestation), decisions regarding the extent of resuscitation in the event of intraoperative fetal distress and delivery are complex and should be discussed with parents before surgery. 
Maternal morbidity
In line with accepted criteria, fetal surgery for spina bifida is almost exclusively offered to women who are themselves in good health. Fetal surgery offers no direct medical benefit to the mother; indeed, it poses risks to her not only during the procedure but also throughout the remainder of the index pregnancy andpotentiallyduring any future pregnancies. It is therefore crucial that maternal risks are minor and acceptable to the mother and her family. A full explanation of these risks must also be given to the patient in a non-directive manner prior to her decision about whether or not to proceed with fetal surgery. 43 
Financial burden
Equitable distribution of limited resources within a pressurised system is a problem facing healthcare providers in many countries. The provision of fetal surgery for spina bifida may be seen as a new, expensive innovation that redirects funds from more 'mundane' scenarios. Within the UK, internal data from our own institution has found that the cost of an individual surgery is roughly equivalent to the standard tariff charge for postnatal surgery, although this does not include set-up costs. In 2012, a US cost-effectiveness evaluation 44 used decision-analysis modelling and assumptions of improvement in clinical outcomes and risks based on the MOMS trial data. This study took into consideration the current fetal MMC patient, the mothers carrying the fetal MMC patient and possible future siblings of these patients. It found that fetal repair would save over $20,000 USD and gain almost one quality-adjusted life year per case performed.
Availability
Following publication of the MOMS trial, the availability of open fetal surgery for spina bifida increased. At the time of writing there are 23 centres offering this treatment option worldwide, including six in Europe. 45 In 2019, the NHS England Highly Specialised Services team will be commissioning two fetal surgery centres to provide open repair of fetal spina bifida.
Open fetal repair of spina bifidasurgery
Preoperative
Most centres offering open fetal surgery for spina bifida use the MOMS trial criteria (Table 1) to determine eligibility for surgery; some also consider women with a body mass index of 40, those with well-controlled insulin-dependent diabetes or those who have previously undergone a lower segment caesarean section. A full, structural fetal ultrasound scan, including neurosonography and echocardiography, is performed to determine lesion level and size, the degree of any spinal kyphosis, the presence of hindbrain herniation and ventricular size and to exclude any additional abnormalities (Figures 3 and 4 ). Magnetic resonance imaging (MRI) is used as an adjunct to confirm intracranial findings and exclude any undetected abnormalities. As per the accepted criteria, amniocentesis is performed for karyotype or microarray. In line with the evidence discussed, surgery is typically planned to take place between 23 +0 and 25 +6 weeks of gestation.
Intraoperative
An epidural is inserted prior to surgery to allow for postoperative pain management; deep inhalational general anaesthesia is used to reduce uterine contractility and tone. Maternal intravenous antibiotics are given and tocolysis is administered pre-operatively and intra-operatively. In North American centres, magnesium sulphate is commonly used for tocolysis, whereas in European centres, atosiban is usually preferred. The fetal heart rate is monitored throughout the procedure by ultrasound scanning. A transverse skin incision that is wider and higher than the Pfannenstiel incision is made, and the uterus is exposed. The placenta is mapped and the fetal position is adjusted to optimise access to the spina bifida lesion if required. A 6-8 cm stapled hysterotomy is made. Amniotic fluid is replaced throughout the procedure with warmed crystalloid fluid via a high flow rate infusion device. An intramuscular injection of analgesia and muscle relaxant is administered to the fetus. Fetal neurosurgical closure is performed as in postnatal surgery (Figures 3 and 5) ; in the event that a lesion is too wide to allow primary skin closure, a skin patch (e.g. Integra, Integra Life Sciences, New Jersey, USA) is applied and sutured to the fetal skin ( Figure 4) . The uterus is closed in two watertight layers: the first running, the second interrupted and inverting. Before the last few sutures of uterine closure, crystalloid fluid is allowed to accumulate and antibiotics are administered into the amniotic cavity. An omental flap is fixed over the suture line and the maternal laparotomy is closed in layers. A video recording of such a procedure is available as video S1.
Postoperative
The patient is typically cared for in a high-dependency setting for 24-48 hours, followed by an antenatal ward setting for 5-7 days. Initially, pain is managed by an epidural and later by oral analgesia. Tocolysis is continued and is usually taken for the rest of the pregnancy. Following discharge, the woman is advised to limit strenuous activities and to stop work. A protocol for follow up (Figure 6 ), involving regular ultrasound scans for cervical length and amniotic fluid levels, is followed and a further MRI scan is planned prior to delivery. If preterm labour occurs at any point following fetal surgery, then an emergency caesarean section must be performed because of the increased risk of uterine rupture with a recent hysterotomy. If preterm labour does not occur, then delivery is planned by elective caesarean section at 37 weeks of gestation. Caesarean delivery should be via a standard lower segment incision; it is recommended that the hysterotomy site is inspected and re-sutured if deficient or dehiscent. Figure 7 shows a suggested protocol for neonatal care. Following open fetal surgery for spina bifida, a pregnancy interval of 2 years is recommended and all future deliveries should be by caesarean section.
• Wound review and photograph (please also send to fetal surgery team) • Neurosurgery review of spinal wound and documentation of neurology • Indwelling catheter until MCUG • In non-paediatric neurosurgical setting, arrange for review at regional paediatric neurosurgical spina bifida unit • Cranial USS and daily OFC • Repeat cranial USS prior to discharge and at 2 weeks (earlier if clinical concern) • US urinary tract • US hips 
Future considerations
Mini-hysterotomy
A less invasive alternative to the surgical method described is the use of a 'mini-hysterotomy', i.e. a uterine opening with a diameter of less than 4 cm, as opposed to the 6-8 cm opening commonly used. 46 Through this opening, a standard multilayer microsurgical repair is performed. In a case series of 45 patients, there was a reduced PPROM rate (23%), a slightly higher gestational age at delivery (35 weeks) and a 95% intact hysterotomy site at delivery. Outcomes were only given until discharge from hospital, but as the same technique was used, one could hope that longer follow-up will provide evidence of benefit for this technique.
Fetoscopic repair of spina bifida
Alongside the development of open fetal surgery for spina bifida, there has been extensive interest in treating this condition antenatally via less invasive methods. Although the first fetal spina bifida repairs were via multiport fetoscopy, complications forced this to be temporarily abandoned. 47 This was pursued in Germany and later in Brazilian and US centres. Unlike the standardised multilayer neurosurgical repair, which is based on the postnatal repair technique, there is no single agreed procedure for fetoscopic repair. Techniques vary in terms of maternal abdominal entry (fully percutaneous or laparotomy with exteriorised uterus), uterine entry (port numbers and sizes) and the neurosurgical technique itself (Figure 8 ). Fetoscopy is also controversial because, experimentally, uterine insufflation with CO 2 causes fetal acidosis, yet the clinical relevance of that remains unknown. 48 A systematic review of 11 fetoscopic spina bifida repair studies 47 found no difference in the rate of ventriculoperitoneal shunting or hindbrain herniation reversal compared with data for open fetal surgery. It also found a higher preterm membrane rupture rate (79% versus 36%) and a higher need for additional neonatal treatment of the repair site (30% versus 7%). Rates of uterine dehiscence were lower in the fetoscopic group (0% versus 8%) and the rate of placental abruption did not differ between the two groups. A limitation is that the learning curve for this procedure is twice as long (up to 60 cases) as for spina bifida repair by hysterotomy. 49 Therefore, currently, fetoscopic repair does not yet clearly confer a fetal benefit equal to open repair and appears to be associated with higher rates of prematurity and preterm rupture of membranes. However, techniques are heterogenous and some individual centres now report promising results. Given the potential for reduction in maternal morbidity and the possibility of vaginal delivery, it is hoped that further technical development and experience will result in an optimal technique to benefit the fetus and reduce harm to the mother. A 2017 American College of Obstetrics and Gynecology Committee Opinion 50 recommended that, "at this time, fetoscopic fetal myelomeningocele repair cannot be recommended outside of an institutional review boardapproved investigational setting."
Instrument development
Our research teams have been developing this technology and instruments for use in fetal surgery. Currently, they are training on high-fidelity in vivo models, exploring the extent to which a layered, watertight neurosurgical repair can be performed. The GIFT-Surg project, 51 with funding from the Wellcome Trust and Engineering and Physical Sciences Research Council (EPSRC), are working on a single-orifice miniature access robot for endoscopic closure of spina bifida lesions.
Conclusion
Spina bifida is a congenital central nervous system malformation with lifelong physical and mental effects. Open fetal repair of the spinal lesion has been shown to improve short-term outcomes for the child, with the consequent risks of prematurity and maternal morbidity. Surgery in the UK is offered and performed according to internationally agreed criteria and protocols. Further evidence regarding long-term outcomes, fetoscopic repair and alternative techniques is awaited.
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